Ralstonia solanacearum is a soil-borne pathogen that causes bacterial wilt disease in many plants worldwide. The wildtype strain undergoes a phenotypic conversion (PC) spontaneously, shifting from a pathogenic to a non-pathogenic form.
INTRODUCTION
Ralstonia solanacearum (Rsol), a soil-borne Gramnegative bacterium that causes bacterial wilt disease in more than 200 species such as tomatoes, eggplants, potatoes, and other cash crops, is widely distributed in tropical, subtropical, and warm temperate regions (Hayward, 1991) . This pathogen infects the wounded root cortex, invades the vascular system, rapidly multiplies and produces copious amounts of extracellular polysaccharides (EPS) and cell wall-degrading enzymes in plants, clogging vessels and leading to wilting symptoms and plant death (Kao et al., 1992; Vasse et al., 1995; Saile et al., 1997) .
The Rsol wild-type strain undergoes a phenotypic conversion (PC) spontaneously, shifting from a fluidal to nonfluidal colony morphology in broth culture, soil, plants, and water extract of the plant (Kelman, 1954; Kelman and Hruschka, 1973; Zhu et al., 2010; Mori et al., 2011; . The PC mutants have several characteristics that are related to virulent factors such as reduced EPS production, endoglucanase (Egl) and pectin methylesterase (Pme) activities, and enhanced endopolygalacturonase (PG) activity and motility, and the ability to colonize in plant tissue, but the PC mutants are either weakly virulent or avirulent (Kelman, 1954; Husain and Kelman, 1958; Denny et al., 1988; Brumbley and Denny, 1990; Denny and Baek, 1991) .
The Rsol wild-type strain can survive for long periods of times in various environments such as water microcosms, liquid mediums, moist soils, and infected plants (Grey and Steck, 2001; Álvarez et al., 2008; Van Overbeek et al., 2004) . The bacterium, entering long-term stationary phase, is able to survive in a nutrient-starved culture during a prolonged stationary phase (Zhu et al., 2010) . Rsol strains are able to multiply in pure water with a few days of incubation regardless of the fluidity of the colonies and virulence (Wakimoto et al., 1982) . In pure water and water extract of eggplant, the PC mutant strain grows as well as the wild-type strain (Wakimoto et al., 1982; Ogawa et al., 2011) . Thus, there are several studies of the survival and multiplication of Rsol in which the wild-type strains or PC mutants were cultured individually. There are still uncertainties about the bacterial competition and behavior of the wild-type strains and PC mutants when both strains are in a mixed culture.
The objective of the present study was to observe the bacterial competition between the wild-type and PC mutant strains in mixed culture. If the substances that inhibit growth of the wild-type strain are found in the cultures, it will be useful as protection agents against the bacterial wilt diseases. In this study, we inoculated the wild-type strain and a PC mutant of Rsol into liquid mediums, and then investigated the bacterial growth of each strain and bacterial competition. To evaluate the bacterial competition for nutrients, we examined the bacterial growth of both strains in a diluted medium. Furthermore, we also tested the bacterial growth in the culture filtrates of Rsol strains to investigate effect of the changing compositions of cultures by the wild-type strain or the PC mutant on bacterial growth. Arwiyanto et al. (1993) and Cuppels et al. (1978) reported Vol. 54, No. 3 (2016) 
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Hiroki NAKAHARA 1 , Taro MORI 2 , Hiromi MATSUSAKI 1 and Naotaka MATSUZOE 1 that several Rsol strains produce the bacteriocins against other strains in liquid mediums, and they are heat-labile substances. The heat-treatment will be helpful to identify characteristics of the growth inhibitors in the bacterial cultures.
MATERIALS AND METHODS

Bacterial strains
Rsol strain 8238 (race 1, biovar 4, phylotype I, MAFF301528) was isolated from a tomato. We used 8238rif, the rifampicin-resistant wild-type strain were selected on BG medium (1% bacto peptone, 0.1% yeast extract, 0.1% casamino acids, and 0.5% glucose) supplemented with 50 g ml 1 rifampicin. We isolated the streptomycin-resistant PC mutant E-PCstr from the 8238 strain in infected eggplant and then selected it on BG medium supplemented with 50 g ml 1 streptomycin. We observed that E-PCstr does not show an antibacterial activity against the 8238rif strain on BGT medium (BG medium added with 1.5% agar and 50 mg l 1 tetrazolium chloride) as a previous studies suggested . The strains were stored in BG broth containing 15% glycerol at 80°C.
Preparation of bacterial suspension
Stock cultures were streaked on BGT medium supplemented with rifampicin (50 g ml 1 ) for 8238rif or with streptomycin (50 g ml 1 ) for E-PCstr, and grown at 28°C for 48 h. A single colony was added to 4 ml of BG broth in a test tube and grown at 28°C for 24 h with shaking at 130 strokes min 1 as the preculture. An aliquot of 40 l of the preculture was then transferred to 4 ml of BG broth and grown with shaking at 130 strokes min 1 for 15 h at 28°C. The bacterial density was estimated by absorbance at 600 nm, and the values were converted to viable cell counts using a standard curve.
Cells were harvested twice by centrifugation at 7500 g for 15 min at 4°C and suspended in sterile distilled water (SDW). Colony-forming units (CFU) per ml and the morphology of the inoculum were determined by dilution plating on BGT medium supplemented with corresponding antibiotics at 28°C for 48 h.
Multiplication of the R. solanacearum wild-type strain and PC mutant in BG broth The Rsol strains 8238rif (wild-type) and E-PCstr (PC mutant) were individually inoculated or inoculated together in 4 ml of BG broth (pH 7.0) at 10 2 CFU ml 1 , and then grown statically at 28°C.The bacterial suspensions at 0, 2, 8, 16 and 24 d of culture were diluted serially. The dilution (100 l) was plated on BGT medium supplemented with corresponding antibiotics then two plates were prepared for each dilution. The plates were incubated at 28°C for 48 h. Colonies were counted using BGT medium with rifampicin (50 g ml 1 ) for 8238rif or with streptomycin (50 g ml 1 ) for E-PCstr. The average of colonies in two plates was used as valid colony number and calculated bacterial concentration at CFU pre ml. The bacterial concentrations were converted to log (CFU ml 1 1), and the values were expressed the average of samples.
The percentage of mutation from the wild-type strain to a PC mutant was determined at 24 d of the 8238rif strain inoculated cultures. Non-fluidal red colonies that had formed on the BGT medium supplemented with rifampicin were defined as PC mutant colonies. PC mutation was calculated using the following formula: PC mutation (%) (non-fluidal colonies/total colonies) 100.
To test the bacterial growth under oligotrophic conditions, Rsol 8238rif and E-PCstr were individually inoculated or inoculated together in 4 ml of 1/100 BG broth. Cultures were grown statically at 28°C for 24 d.The bacterial concentrations were determined as described above, and expressed as log (CFU ml 1 1).
The multiplication of the R. solanacearum wild-type strain and PC mutant in culture filtrates Rsol 8238rif (wild-type) and E-PCstr (PC mutant) strains were individually inoculated or inoculated together in 4 ml of BG broth at 10 2 CFU ml 1 , and then grown statically at 28°C for 24 d. Bacterial culture filtrates were prepared from the 8238rif by mono-inoculation, from the E-PCstr by mono-inoculation, and from both strains by coinoculation at 24 d of culture.
For the preparation of the culture filtrates, the cell cultures were centrifuged at 7500 g for 15 min, and the culture supernatants were filtered by 0.45 m membrane filter units (DISMIC ® -25AS; Advantec, Tokyo). The pH of each culture filtrates was measured by a pH meter F-22 (Horiba, Kyoto, Japan). The wild-type and PC mutant strains were individually inoculated in culture filtrates at 10 4 CFU ml 1 , and then grown statically at 28°C. The bacterial growth was determined by plating cell suspensions onto BGT medium supplemented with corresponding antibiotics at 0 and 10 d of culture, and the growth is expressed as log (CFU ml 1 1). The optical density of each culture was measured by absorbance at 600 nm for 10 d. The mutation rate was determined at 10 d of the wild-type strain inoculated cultures.
In the culture filtrate of the 8238rif and E-PCstr mixed culture, bacteria were individually inoculated or inoculated together at 10 4 CFU ml 1 , and then grown statically at 28°C
. The bacterial growth was determined by plating cell suspensions onto BGT medium supplemented with the corresponding antibiotic at 0 and 10 d of culture, and the growth is expressed as log (CFU ml 1 1).
The multiplication of the R. solanacearum wild-type strain in a heat-treated culture filtrate of the PC mutant The culture filtrate of the PC mutant was autoclaved at 110°C for 10 min and used as the heat-treated culture filtrate. The wild-type strain was inoculated in the heattreated the culture filtrate of the PC mutant, then grown statically at 28°C. The re-autoclaved BG broth was used as the control. The bacterial growth was determined by plating cell suspensions onto BGT medium supplemented with rifampicin at 0 and 10 d of cultures, and is expressed as log (CFU ml 1 1).
RESULTS
The multiplication of the R. solanacearum wild-type strain and the PC mutant in BG broth When the Rsol strains 8238rif (wild-type) and E-PCstr (PC mutant) were inoculated individually in BG broth at 10 2 CFU ml 1 , each strain grew to 10 8 CFU ml 1 within 2 d, and the bacterial concentration was maintained at 10 6 10 7 CFU ml 1 for 24 d (Fig. 1 ). In the mixed inoculation of both the 8238rif and E-PCstr, the PC mutant strain grew and was maintained similarly to the single-inoculation. The 8238rif in the mixed-inoculation grew up to 10 8 CFU ml 1 within 2 d, but the bacterial concentration gradually decreased to 10 2 CFU ml 1 at 24 d of culture. The mutations that are shifting from the wild-type to PC colonies in the cultures at 24 d were detected at 89% in the individually cultured 8238rif, and at 53% in the co-culture.
To investigate bacterial growth under oligotrophic conditions, we inoculated the 8238rif and E-PCstr strains individually and together in 1/100 BG broth. Both strains grew up to 10 5 10 6 CFU ml 1 within 24 d regardless of the individual or mixed inoculation (Fig. 2) .
The multiplication of the R. solanacearum wild-type strain and PC mutant in culture filtrates In the culture filtrate of the mixed culture of 8238rif and E-PCstr strains, bacteria were inoculated at 10 4 CFU ml 1 . In individual inoculations of each strain, the bacteria grew to 10 6 CFU ml 1 at 10 d of culture (Table 1 ). In the mixed inoculation, the PC mutant grew up to 10 6 CFU ml 1 , but the wild-type strain decreased to 10 2 CFU ml 1 at 10 d of culture. The decrease in the population of the wildtype strain in the mixed-culture filtrate was earlier than that of the bacteria in the mixed culture in BG broth.
In each bacterial culture filtrate, the wild-type strain or the PC mutant was individually inoculated at 10 4 CFU ml 1 and then grown for 10 d. The PC mutant increased in all culture filtrates (Table 2, Fig. 3 ). In only the culture filtrate of the PC mutant, the wild-type strain could not grow, and the absorbance was almost unchanged for 10 d. The pH values of the culture filtrates were 7.7, 8.1 and 7.9 in the culture filtrates of the single-culture of the wild-type strain, the single-culture of PC mutant, and the co-culture of both strains, respectively ( Table 2 ). The frequencies of bacterial PC were the highest in the BG broth, and low in the culture filtrates. In the culture filtrate of the PC mutant, a mutation was not induced.
Vol. 54, No. 3 (2016) Fig. 1 Growth competition of the R. solanacearum wild-type and PC mutant strains in BG broth. The bacteria were suspended in BG broth at 10 2 CFU ml 1 , and then grown statically at 28°C. The bacterial concentrations were estimated at 0, 2, 8, 16 and 24 d of culture. Asterisks indicate a significantly difference (P 0.05) according to a one-way ANOVA following the Tukey-Kramer test. Error bars show standard errors from the mean values of six samples.
Fig. 2
Growth of the R. solanacearum wild-type and PC mutant strains in 100-fold diluted BG broth. Growth conditions see Fig.1 legend. *P 0.05 according to a oneway ANOVA followed by the Tukey-Kramer test. Error bars: standard errors from the mean values of three samples. 3.55 0.12 2.08 0.14 b z The culture filtrate was prepared from the mixed culture of the PC mutant and wild-type strain for 24 d. y Bacterial strains were inoculated at 10 4 CFU ml 1 in the culture filtrate, and then grown statically at 28°C for 10 d. x Strains were detected using BGT medium with rifampicin (50 g ml 1 ) for the wild-type strain 8238rif or with streptomycin (50 g ml 1 ) for the PC mutant strain E-PCstr. w Values represent the mean and standard error of six samples. Different letters indicate a significantly difference (P 0.05) according to one-way ANOVA followed by the Tukey-Kramer test.
The multiplication of the R. solanacearum wild-type strain in a heat-treated culture filtrate of the PC mutant The Rsol wild-type strain was inoculated in a heattreated culture filtrate of the PC mutant and then grown statically for 10 d. The wild-type strain grew to 10 8 CFU ml 1 in BG broth within 10 d as control. In the heat-treated culture filtrate of the PC mutant strain, the wild-type strain was not detected at 10 d of culture (Table 3) . Growth inhibition of the wild-type strain was observed not only in the culture filtrate of the PC mutant strain but also in the heattreated culture filtrate.
DISCUSSION
When the Rsol strain 8238rif (wild-type) or E-PCstr (PC mutant) was individually cultured, the two strains grew to over 10 7 and 10 6 CFU ml 1 in BG broth and 100-fold diluted BG broth, respectively, and the bacterial concentrations were maintained for 24 d (Figs. 1, 2) . When they were individually cultured in the culture filtrate of both strains mixed culture, each strain multiplied to 10 6 CFU ml 1 at 10 d of culture (Table 1 ). No significant difference in bacterial growth was detected between the 8238rif and E-PCstr strains. These results show that the wild-type and PC mutant strains have the ability to multiply under oligotrophic conditions such as diluted medium and culture filtrate. Rsol strains suspended in pure water at a concentration of 10 3 CFU ml 1 multiplied to 10 6 CFU ml 1 within a few days of incubation regardless of the fluidity of colonies and virulence (Wakimoto et al., 1982) . Rsol enters the long-term stationary phase and is able to survive the stress conditions of nutrient starvation during the prolonged stationary phase (Zhu et al., 2010) . This finding supports our results.
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PC mutant
3.00 0.25 6.47 0.33 a 100 (3/3) Wild-type 3.38 0.18 1.32 0.85 b 33 (2/6) 0.0 0.0 z The culture filtrates were prepared from the PC mutant mono-culture, the wild-type strain mono-culture, and the co-culture of both strains for 24 d. Strains were cultured in BG broth as a control. Values in parentheses indicate the pH of the culture. y Bacterial strains were inoculated individually at 10 4 CFU ml 1 in each culture filtrate, and then grown statically at 28°C for 10 d.
x Values represent the mean and standard error of 3 6 samples. Different letters indicate a significantly difference (P 0.05) according to one-way ANOVA followed by the Tukey-Kramer test. w Percentage of mutation from the wild-type to PC colonies in all colonies on the BGT medium with rifampicin. Values are the mean and standard deviation. 3.57 0.02 0.00 0.00 b 0 (0/6) z The culture filtrate of the PC mutant strain was autoclaved at 110°C for 10 min and used as heattreated culture filtrates. The re-autoclaved BG broth was used as a control. The wild-type strain was inoculated at 10 4 CFU ml 1 and then grown statically at 28°C for 10 d. y Values are the mean and standard error of six samples. Different letters indicate a significantly difference (P 0.05) according to one-way ANOVA followed by the Tukey-Kramer test.
Fig. 3
Growth of the R. solanacearum wild-type and PC mutant strains in culture filtrates. The explanatory chart shows the bacterial inoculation as the culture filtrate of bacterial strain/inoculated strains. The wild-type strain or PC mutant was inoculated individually in each culture filtrate at 10 4 CFU ml 1 , and then grown statically at 28°C. Optical density (O.D at 600 nm) was measured at 0, 1, 2, 3, 5, 8 and 10 d of culture. Error bars: standard deviation from the mean values of three samples. Ogawa et al. (2011) reported that the Rsol wild-type strain and PC mutant grew well without the bacterial competition when they were co-cultured in eggplant water extract. In our present study, the bacterial behavior was different when they were co-cultured in liquid media. When they were co-cultured in BG broth, the PC mutant maintained a 10 7 CFU ml 1 bacterial concentration, but the growth of only the wild-type strain decreased to 10 2 CFU ml 1 at the later period (16 24 d) of culture (Fig. 1) . When both strains were mix-cultured in the culture filtrate, the PC mutant grew well and the growth of only the wild-type strain was suppressed for 10 d (Table 1) . However, bacterial competition was not observed in 100-fold diluted BG broth (Fig. 2) . This suggests that the bacterial growth competition was not caused by the competition for nutrients.
When the wild-type strain or the PC mutant was cultured individually in each bacterial culture filtrate, the PC mutant could grow in all of the culture filtrates, but the wild-type strain could not grow only in the culture filtrate of the PC mutant (Table 2, Fig. 3) . These results indicate that the culture filtrate of the PC mutant did not affect the growth of the PC mutant, and suppressed the growth of only the wild-type strain. This suggests that changes in the components of the culture or the production of bacterial growth inhibitors by the PC mutant are involved in the bacterial growth competition. In addition, we observed growth inhibition of the wild-type strain in a heat-treated culture filtrate of the PC mutant (Table 3 ). The heat-stable substance in the culture filtrate of the PC mutant may be involved in the growth inhibition of the wild-type strain. Several strains of Rsol produce bacteriocins against different strains, but the bacteriocins are heat-labile (Cuppels et al., 1978; Arwiyanto et al., 1993) . The PC mutant strain E-PCstr, which we used in our present study, did not produce any bacteriocins against the wild-type strain 8238rif, as in a previous study . This suggests that the growth inhibition of the wild-type strain in cultures is not due to the production of bacteriocins by the PC mutant.
The pH of the culture filtrates changed from pH 7.0 in BG broth to the range of pH 7.7 8.1 (Table 2 ). In prior in vitro experiments, the growth reduction of the Rsol was weak or it did not occur the range of pH 5.0 8.0 (Michel and Mew, 1998) . We therefore suspect that there was no direct effect of pH on the bacterial growth in the culture filtrates examined in the present investigation.
Rsol strains produce various metabolites such as EPS and cell wall-degrading enzymes (e.g., Egl, PG, and Pme) Schell et al., 1988; Denny et al., 1990; Denny and Baek, 1991; Spok et al., 1991) . The production traits of the metabolites of the Rsol strains differ between wild-type strains and PC mutants. PC mutants have several characteristics related to pathogenic factors, such as reduced EPS production, Egl and Pme activities, and enhanced PG activity (Kelman, 1954; Denny et al., 1988; Brumbley and Denny, 1990) . The changing compositions of cultures may be caused by differences in the bacterial metabolites. In further studies, the differences in other metabolites between wild-type strains and PC mutants should be defined. We will attempt to identify the inhibitors that are related to the suppression of the wildtype strain in a culture filtrate of the PC mutant. If the multiplication of the wild-type strain in the plants is suppressed by inoculation with the inhibitors, the substances will be developed as promising biological control agents against the bacterial wilt diseases.
Here we observed that in the culture of BG broth, the mutations to PC of 8238rif were detected at 89% in the individual cultures, and at 53% in the co-cultures at 24 d. In the culture filtrates, the mutations were induced low frequencies (0 33%) at 10 d (Table 2 ). These results show that bacterial PC was not promoted by mixed-inoculation or culture filtrates. Moreover, bacterial PC was not observed when the wild-type strain was inoculated in the culture filtrate of the PC mutant. This result indicates that the growth of the wild-type strain is suppressed before the occurrence of mutation. Further studies are needed to investigate the factors of bacterial PC.
In conclusion, the results of our study showed that the growth of only the wild-type strain of Rsol was conspicuously reduced when the PC mutant was present in BG broth at the later stage (16 24 d) of culture. This bacterial competition was not observed in diluted BG broth, suggesting that there are factors other than competition for nutrients. Our findings also indicate that a culture filtrate of the PC mutant did not affect the growth of the PC mutant, and the growth of only the wild-type strain was suppressed. This suggests that the bacterial competition between wild-type strains and PC mutants is due to changes in the components of the culture by the PC mutant.
